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DOI: 10.1039/b900499hA novel apatite-type compound, (Na2.5Bi2.5)(PO4)3(F,OH), NBPF, in the form of single-crystal
microtubes with well-faceted, hexagonal morphologies in both exterior and interior surfaces, has been
synthesized under hydrothermal conditions without addition of any template, surfactant or metal
catalyst. Single crystal X-ray diffraction analysis confirms that Na+ and Bi3+ ions completely replace the
Ca2+ ions in the apatite-like structure and jointly occupy three crystallographic sites with significantly
different site preferences [Bi0.61Na0.39 at the 6c site, and Bi0.45Na0.55 and Bi0.23Na0.77 at the 2b sites,
space group P63 (No. 173)]. Time-dependent experiments show that these NBPF microtubes form via
a fluoride-induced, in situ chemical reaction nucleation–dissolution–recrystallization growth
mechanism.1. Introduction
In the past decade, significant progresses have been made on one-
dimensional (1D) micro- or nano-tubular material researches,
including synthesis methods,1–3 growth mechanisms4,5 and appli-
cations.6–10 Most previous studies noted that the cross sections of
microtubes and nanotubes tend to be circular owing to relatively
low surface energy.11Although an ever-increasing number of
studies have reported nano- or microtubes with polygonal cross
sections,3,9,12–21 the ones with non-layered structures and in the
form of single crystals with hexagonal shapes are less common.
Generally, the formation of nanotubes requires a layered or
anisotropic crystal structure.22 Although micro- and nanotubesaDepartment of Materials Science and Engineering, College of Materials,
Xiamen University, Xiamen, 361005, P.R. China. E-mail: jxmi@xmu.
edu.cn; Fax: +86-592-2183937; Tel: +86-13696905136
bDepartment of Geological Sciences, University of Saskatchewan, 114
Science Place, Saskatoon, Canada SK S7N 5E2
† Electronic supplementary information (ESI) available: Details of
atomic coordinates and equivalent/Isotropic displacement parameters,
optical micrograph and TG-DTA curve of the (Na2.5Bi2.5)
(PO4)3(F,OH) (NBPF) microtubes, SEM images of
(Na2.5Bi2.5)(PO4)3(OH) and NBPF submicrorods, PXRD pattern of the
NBPF microtubes after thermal treatment at 650 C and EDS
spectrum of Fig. 3c microrod (PDF). CCDC reference number 724257.
For ESI and crystallographic data in CIF or other electronic format
see DOI: 10.1039/b900499h
‡ Single crystal data Crystal data for (Na2.5Bi2.5)(PO4)3(F,OH) (NBPF),
Mr ¼ 882.04, colorless, 0.025  0.025  0.12 mm, hexagonal tube
(hollow interior), P63 (No. 173), a ¼ 9.5049(3), c ¼ 6.9484(6) Å, V ¼
543.64(5) Å3, Z ¼ 2, qmax ¼ 30.1, Dx ¼ 5.388 g cm3, m (Mo Ka) ¼
41.0 mm1, F(000) ¼ 770, T ¼ 173 K, R1 ¼ 0.065 (for 608 I > 2s(I)
unique reflections), wR2 ¼ 0.115 (for all diffraction data, 907), S ¼
1.145, and 41 refined parameters. Hydrogen atom positions were not
determined. Single crystal X-ray diffraction data were collected on an
Oxford Gemini S Ultra single crystal X-ray diffractometer (CCD).
Structure was solved and refined by using SHELXS-97 and
SHELXL-97 software package.41 Further details of the crystal structure
investigation are available from the Fachinformationszentrum
Karlsruhe D-76344 Eggenstein-Leopoldshafen (Germany), on quoting
the depository numbers CSD-380299 for NBPF, the name of the
authors and citation of the paper.
This journal is ª The Royal Society of Chemistry 2009with non-layered structures can be synthesized by use of
templates, surfactants and catalysts,4,23 most of these tubular
forms show polycrystalline or amorphous characteristics. Also,
template-assisted methods have been shown to be unsuitable for
the formation of single-crystal microtubes or nanotubes. There-
fore, single-crystal microtubes with polygonal cross sections have
been reported relatively less frequently, especially for non-layered
compounds. In addition, the proposed growth mechanisms, such
as rolling up,5,24,25 concentration depletion,26 dissolution-recrys-
tallization,27 self-assembly growth20 or coalescence growth28 and
so on have been proposed for the formation of single-crystal
microtubes or nanotubes with polygonal cross sections, but
remain debated. Understanding the growth process and mecha-
nism is vital in the shape- and size-controlled synthesis that makes
it possible to produce novel materials with desired shapes and
sizes.29 Moreover, 1D microtubes with distinct cross-section
configurations have been reported to have a ‘‘shape effect’’ on
their properties.11,30 Therefore, studies on single-crystal micro-
tubes or nanotubes with polygonal cross sections are interesting
and important for both fundamental researches and applications
in chemistry and crystallography.19
Compounds with the apatite structures have been extensively
studied because of their wide applications from biomaterials to
dental caries, immobilization of toxic metals and nuclear waste
disposal.31–35 Another area of current interest is the synthesis of
apatite nanotubes or microtubes as possible candidates for drug
delivery. To the best of our knowledge, however, there have been
only three reports of HAP tubes to date.36–38 A further interesting
aspect of apatite research are complex chemical substitutions,
including monovalent and trivalent ions for Ca2+. Partial substi-
tutions have been reported such as in Ca52xNaxBix(PO4)3OH
(x ¼ 0  1.6),39 Ca102xBixNax(PO4)6F2 (x ¼ 1, 2, 3).40 However,
apatites Ca102xNaxMx(PO4)6Z2, where M stands for trivalent ions
and Z ¼ F, Cl and OH, with complete substitutions by Na+ and
trivalent ions have not yet been synthesized.42
Herein we report, for the first time, the synthesis of single-
crystal microtubes of a new apatite-type compound,











































View Article Onlinecross sections in both exterior and interior surfaces, by a simple
one-step hydrothermal route.Fig. 1 Representative FE-SEM images (a, b, and c) and BSE image (d)
of hexagonal microtubes of (Na2.5Bi2.5)(PO4)3(F,OH) (NBPF) synthe-
sized at 180 C for 48 h. Note that the microtube in (d) is completely
hollow along the elongation and that a slight inclination of the microtube
to the polishing surface is responsible for the asymmetric appearance of
the hollow interior.2. Experimental details
2.1. Hydrothermal synthesis
In a typical experiment, 0.233 g (0.5 mmol) Bi2O3 was first dis-
solved in 0.8 mL HCl (37%) to obtain a clear solution. Then, the
mixture of the above solution and NaBF4 (0.220 g, 2 mmol),
Na2B4O7$10H2O (0.382 g, 1 mmol), NaH2PO4$2H2O (0.780 g,
5 mmol) and 10 mL H2O with a molar ratio of Bi:Na:P¼ 1 : 9 : 5
was prepared, and adjusted to a pH value of about 6.57.0 using
4 mol L1 NaOH solution, resulting in 1314 mL in volume. The
mixture (suspension) was transferred into a 30 mL Teflon-lined
stainless steel autoclave and maintained at 180 C for up to 48 h.
All starting materials used in the experiments were of analytical
grade and used without further purification. After the comple-
tion of reactions, the autoclave was cooled to room temperature
naturally. The white precipitate deposited at the bottom of the
autoclave was washed with distilled water several times and dried
at ambient temperature.2.2. Characterization
Powder X-ray diffraction (PXRD) patterns of the experimental
products were collected on a Phillips Panalytical X-pert diffrac-
tometer using Cu Ka1 radiation (l ¼ 1.54056 Å) at 40 kV and
30 mA, monochromated by a secondary graphite mono-
chromator. The PXRD data were collected with 2q ranging from
5 to 90 at a step width of 0.008. The sizes and morphologies of
the synthetic compounds were observed using field emission
scanning electron microscopy (FE-SEM) imaging on a LEO-
1530 instrument, back-scattered electron (BSE) imaging on
a JEOL JXA-8600 superprobe, and optical microscopy. The
chemical compositions of the experimental products were
determined using both inductively coupled plasma atomic
emission spectroscopy (ICP-AES) on a VARIAN Vista RL
instrument and electron-microprobe analysis (EMPA) on the
JEOL JXA-8600 superprobe.Fig. 2 PXRD patterns of the samples prepared at 180 C for different
reaction times: (a) 0 h, pure trigonal BiPO4; (b) 2 h, both (Na2.5Bi2.5)-
(PO4)3(F,OH) (NBPF) and trigonal BiPO4; (c) 6 h, both NBPF and
trigonal BiPO4; (d) 10 h, pure NBPF; (e) 48 h, pure (Na2.5Bi2.5)(PO4)3-
(F,OH). ‘‘O’’ marks the peaks of trigonal BiPO4; and ‘‘*’’ denotes the
peaks from NBPF.3. Results and discussion
3.1. Morphology, phase and crystal structure
Fig. 1 shows the morphologies of the (Na2.5Bi2.5)(PO4)3(F,OH)
(NBPF) samples synthesized at 180 C for 48 h. From the SEM
images (see Figs. 1a–c), one can see that the microtubes have
a hexagonal outer shape with a hexagonal inner wall. The sizes of
the hexagonal microtubes prepared here are about 100 mm long
and 1020 mm in the outer diameter. The hollow interior of each
microtube varies from 5 to 15 mm in diameter. In order to
understand whether the microtube is completely hollow, the
samples were embedded in Canadian resin and then polished
down; and the BSE image of the polished surface (Fig. 1d)
reveals that the hollow interior is completely through along
crystal elongation. The asymmetric appearance of the hollow
interior of the elongated crystal is caused by a slight inclination
of this microtube to the polishing surface, as evidenced by
a change in width from one end to the other. The tubes similar to1864 | CrystEngComm, 2009, 11, 1863–1867those shown in Fig. 1b have also been investigated by optical
microscopy with polarized light. Optical continuity and extinc-
tion every 90 of rotation suggest these microtubes as single
crystals (see ESI Fig. 1†). Powder X-ray diffraction (PXRD)
patterns (see Fig. 2e) of the same samples show that they have the
apatite-type structure. All reflections can be indexed to a hexag-
onal cell: a ¼ 9.5247(2), c ¼ 6.964(1) Å, V ¼ 547.12 Å3. The
crystal structure of NBPF has been investigated using a single
crystal X-ray diffractometer at 173 K. The structure was solved
in the space group P63, further confirming the single crystalline
nature of the microtubes. Moreover, thermoanalytical investi-
gations (thermogravimetry (TG) and differential thermal anal-
ysis (DTA)) (see ESI Fig. 2†) on NBPF microtubes were carriedThis journal is ª The Royal Society of Chemistry 2009
Fig. 3 FE-SEM images illustrating the formation of (Na2.5Bi2.5)-
(PO4)3(F,OH) (NBPF) microtubes prepared at 180
C as a function of











































View Article Onlineout at temperatures up to 1000 C (heating rate 10 C minl;
atmosphere: argon). There was about 1.0% weight loss associ-
ated with the endothermic peak at 544 C in the DTA curve, in
agreement with the calculated weight loss of one H2O per
formula unit. The PXRD pattern of the sample after thermal
treatment at 650 C (see ESI Fig. 3b†) is identical to that of the
non-annealed sample as shown in ESI Fig. 3a.† Moreover, an
exothermic peak observed at 889 C in the DTA curve may
account for a phase transition, so NBPF microtubes may be
stable until this temperature.
The Na, Bi, and P contents of the microtubes as determined by
ICP-AES (Na: 6.13%, Bi: 58.3%, and P: 9.95%) are in good
agreement with the values calculated from the proposed formula
(Na2.5Bi2.5)(PO4)3(F, OH) (calcd Na: 6.52%, Bi: 59.25%, P:
10.54%). The Na–Bi–P ratio has also been confirmed by EMPA,
which show that microtubes from a F-rich run contain $1.8 wt%
F (i.e., approaching the F end-member with 2.1 wt% F).
However, both TG-DTA curves and single-crystal X-ray struc-
ture refinements suggest only minor fluorine in the title
compound from F-poor runs. Therefore, the F/OH values
probably vary widely among microtubes from different runs.
This proposed variation is also consistent with results from EDS.
In any case, the composition (Na2.5Bi2.5)(PO4)3(F,OH) repre-
sents a new compound with an apatite-type structure, which was
confirmed by X-ray single crystal structure analysis. In the
NBPF, Ca2+ is completely replaced by Na+ and Bi3+ via a charge-
coupled substitution: 2Ca2+ ¼ Na+ + Bi3+. Initially, the centro-
symmetric P63/m space group was selected according to the
observed systematic absences. Most atoms fit this centrosym-
metric model, except that one set of oxygen atoms are distributed
in a disordered manner and have abnormally short O–OThis journal is ª The Royal Society of Chemistry 2009distances (1.18 Å). Subsequently, the noncentrosymmetric space
group P63 (No.173) was chosen to solve and refine the crystal
structure, with an inversion twin containing twin components
0.47(7)/0.53(7). Refinement in P63 eliminated the problem of the
short O–O distances. Moreover, P63, in comparison with the
centrosymmetric P63/m, yielded lower R1 and wR2 values,
reasonable bond distances, and a refined Na+/Bi3+ value consis-
tent with chemical analyses. The preferential occupation of Na+
and Bi3+ ions leads to three crystallographic sites in the space
group of P63 (see ESI, Table 1†). Bi1 and Na1 are jointly located
at the 6c position (of P63, No.173) with occupancies of 61 and
39%, respectively. Bi2 and Na2 occupy the 2b position with
occupancies of 45 and 55%, respectively. Bi3 (23%) and Na3
(77%) reside at the 2b position. The overall Na+/Bi3+ value
determined from X-ray single crystal structure refinements is
2.5/2.5, further supporting the proposed formula (Na2.5Bi2.5)-
(PO4)3(F,OH). Similar, but only partial, substitution of Na
+ and
Bi3+ for Ca2+ has been observed in Ca52xNaxBix(PO4)3OH (x ¼
0  1.6),39 Ca102xBixNax(PO4)6F2 (x ¼ 1, 2, 3) and
Pb102xBixNax(PO4)6F2 (x ¼ 1, 2, 3).40 In these Ca and Pb
apatites, Bi has been shown to preferentially occupy the 6h
trigonal position (Ca2, P63/m, No. 176).3.2. Controlling factors on morphology
pH values and temperature exert a significant influence on the
formation of (Na2.5Bi2.5)(PO4)3(F,OH), (NBPF). For pH values
of 1.0–2.0, mixtures of BiOCl and BiPO4 are the main products;
from 3.0 to 6.0, three polymorphs of BiPO4 crystallize; in
the range of 6.5–7.0, NBPF is preferred; 7.5–12.0 yields
Na3Bi(PO4)2; and only Bi2O3 is present above 13.0. In the case of
temperature, when the pH value is kept at 6.5–7.0, NBPF is
present above 150 C, while only trigonal BiPO4 is formed below
150 C. The best condition for synthesizing NBPF is in the
temperature range of 150–200 C and pH values of 6.5–7.0.
These results suggest that NBPF most likely forms via a ther-
modynamically-controlled reaction.
The presence of fluoride plays a key role in the formation of
tube-like morphology. Attempts to synthesize (Na2.5Bi2.5)-
(PO4)3(OH) microtubes without adding any fluoride only yielded
(Na2.5Bi2.5)(PO4)3(OH) needles or microrods. Similarly, addition
of polymers, such as polyacrylamide, to fluoride-free runs yielded
only (Na2.5Bi2.5)(PO4)3(OH) microrods as well (ESI Fig. 4a–c†).
However, an increase in the concentration of fluoride to above
0.1 mol L1 does not appear to have any significant effect. This
may be attributed to the fact that NBPF already approaches the
F end-member at a concentration of 0.015 mol L1 F. The
concentration of other reactants, however, exerts a major influ-
ence on the morphology. For example, adjusting the reaction
concentration up to 0.20 mol L1(Bi3+), the products obtained are
only NBPF submicrorods with diameter200 nm in the presence
of fluoride (see ESI Fig. 4d†). These results show that conditions
required for the synthesis of NBPF microtubes are quite strict.
Another required ingredient for the synthesis of pure NBPF
microtubes is Na2B4O7$10H2O, because products from the same
procedure but without Na2B4O7$10H2O are usually mixtures of
NBPF and trigonal BiPO4 or Na3Bi(PO4)2. However, the role of
Na2B4O7$10H2O remains unclear.CrystEngComm, 2009, 11, 1863–1867 | 1865
Fig. 4 Schematic diagrams illustrating the proposed growth mechanism
for the formation of (Na2.5Bi2.5)(PO4)3(F,OH) (NBPF) microtubes: (a)
formation of trigonal BiPO4 nanorods at room temperature, (b) growth
of NBPF microrods by a hydrothermal in situ chemical reaction using
BiPO4 nanorods as both reactant and nucleation sites at above 150
C; (c)
fluoride-induced dissolution and recrystallization of NBPF microrods to
form semimicrotubes; and (d) further dissolution and recrystallization of












































View Article Online3.3. Growth mechanism
In order to understand why the title compound, (Na2.5Bi2.5)-
(PO4)3(F,OH), (NBPF), has unusual morphologies of hexagonal
inner walls, a series of time-dependent synthesis experiments
have been made at 180 C. Fig. 2 illustrates the PXRD patterns
of products prepared at 180 C for different durations: (a) 0 h; (b)
2 h; (c) 6 h; (d) 10 h; (e) 48 h. Fig. 3 shows the morphologies of
their corresponding products as revealed by SEM. In the case of
0 h, the PXRD pattern (Fig. 2a) shows a pure trigonal BiPO4,
which is present in the form of nanorods (Fig. 3a). For 2 h runs
(Fig. 2b), a mixture of NBPF and BiPO4, which are present as
microrods and nanorods, respectively (Fig. 3b), was formed.
With the duration of synthesis increased to 6 h, the amount of
microrods increases at the expense of BiPO4 (Fig. 2c). Fig. 3c
shows the microrods increasing to 2 mm in diameter, and
partial dissolution at the center of individual microrods is clearly
visible (as shown in Fig. 3c denoted by an arrow). Furthermore,
as shown in energy-dispersive spectroscopy (EDS; ESI Fig. 5†)
the microrods from Fig. 3c consist of elements Na, Bi, P, O and
F, confirming at least that the surface of microrods consists of
NBPF. Further dissolution of NBPF to form a submicrotube can
be observed in Fig. 3d. When the synthesis time is increased to
10 h, PXRD analysis confirms that the experimental products are
almost pure NBPF (Fig. 2d), with microtube morphologies
shown in Fig. 3e. Experimental products prepared at 180 C and
longer than 10 h are pure NBPF microtubes with hexagonal cross
sections (Fig. 2e and Fig. 3f). It should be noted that both the
outer and inner diameters as well as the wall thickness of
the microtubes increase with increase in synthesis time, although
the ratio of wall thickness versus the outer diameter decreases.
The maximum outer diameter of the microtubes after 48 h is
about 20 mm with a wall thickness of 2 mm. Additional reaction
times (e.g., longer than 48 h) did not result in any further increase
in the od of the microtubes, probably attributable to depletion of
chemical reactants at this point.
The surfactant directed mechanisms are obviously not
responsible for the growth of the (Na2.5Bi2.5)(PO4)3(F,OH),
NBPF, microtubes, because no surfactants were used in our
experiments. The above time-dependent experiments suggest that
the growth mechanism includes both an ‘‘in situ chemical reac-
tion nucleation’’ and ‘‘dissolution–recrystallization’’ growing
processes (Fig. 4). These processes can be divided into three
steps: (1) formation of the trigonal BiPO4 nanorods at room
temperature; (2) nucleation and growth of NBPF microrods
above 150 C by hydrothermal in situ chemical reaction using
BiPO4 nanorods as both reactant and nucleation sites; (3) fluo-
ride-induced dissolution and recrystallization of NBPF micro-
rods to form semi-microtubes and then develop into microtubes.
Trigonal BiPO4 is well known to be metastable.
43 As we have
mentioned above, the NBPF microrods or microtubes can only
be obtained at the pH value of 6.5–7.0, and temperature above
150 C. The initial formation of trigonal BiPO4 during the
synthesis of NBPF is evident in the time-dependent experiments
and has been confirmed by PXRD (Fig. 2a). Now, the metastable
trigonal BiPO4 serves as both a reactant and a nucleation site for




 ¼ 2[(Na2.5Bi2.5)(PO4)3(F,OH)] + 2H+. This
reaction can also explain why the final pH value was 5.5, lower1866 | CrystEngComm, 2009, 11, 1863–1867than the initial value. That is why the NBPF nucleation was
generated on the surface of BiPO4 nanorods through in situ
chemical reaction, and then grown to form NBPF microrods and
microtubes. This proposed role of BiPO4 is similar to that of
CaHPO4 in the nucleation and growth of HAP.
44
The in situ chemical reaction mechanism has also been
proposed for the synthesis of GaN sub-microtubes,45 NaMF4
(M ¼ Pr, Sm, Gd, Tb, Dy, Er as well as lanthanide doped
NaMF4)
46 and YVO4 microtube.
47 However, NBPF microrods
or microtubes that underwent both dissolution and recrystalli-
zation commonly result in much larger sizes than their precur-
sors. It is noteworthy that (Na2.5Bi2.5)(PO4)3(OH) nanorods or
microrods can be synthesized without the addition of any fluo-
ride, but NBPF microtubes can be synthesized only in the pres-
ence of fluoride. We suggest that F accelerates the dissolution of
BiPO4 and NBPF, which provides the required ions for the
recrystallization (and growth) of NBPF. The central part of
NBPF microrods may remain under-saturated, hence dissolution
in the centre of microrods and formation of NBPF microtubes.
According to the Donnay–Harker law of crystal morphology,48
the 63 screw axis is particularly important. The interplanar
spacing of (0002) is much smaller than that of (1010). Therefore,
the growth rate of {0002} is higher than that of {1010}, and the
dissolution rate of {0002} is expected to be faster than that of
{1010} as well. Thus, dissolution of NBPF starts at the center of
solid hexagonal NBPF microrods, continues toward the interior
along the long axis (c axis), and gradually converts the solid
microrods into semi-microtubes and finally to completely hollow
microtubes. The surface growth of microtubes continues in a low
concentration and the interior dissolves simultaneously under
saturation until depletion of the reactants. The interior surfaces
of the microtubes gradually develop into hexagonal shapes,
which are controlled by symmetrical restriction. If the interior
dissolves incompletely, it will show circular inner walls in some
microtubes as observed in the BSE image (Fig. 1d). Therefore,











































View Article Onlineattributable to the hexagonal symmetry of NBPF. When the
synthesis time increases, self-dissolution of NBPF and dissolu-
tion of metastable BiPO4 provide the ingredients needed for
further growth of NBPF semi-microtubes or microtubes.
Therefore, individual NBPF microtubes obtained at 48 h are
commonly larger than their counterparts from 10 h runs. Anal-
ogous dissolution–recrystallization induced concentration
depletion mechanism in a tube formation process has been
proposed for the formation of tellurium nanotubes.26 Also, this
mechanism is similar to that of DAPMP single-crystal micro-
tubes,49 hematite nanotubes,50 BiVO4 microtube
11 and so on.
Therefore, this is basically a thermodynamically-controlled
chemical reaction and a kinetics-controlled dissolution–recrys-
tallization process.4. Conclusion
In summary, the novel apatite-type compound, (Na2.5Bi2.5)-
(PO4)3(F,OH), NBPF, in the form of single-crystal microtubes
with well-faceted, hexagonal morphologies in both exterior and
interior surfaces, has been synthesized under hydrothermal
conditions without addition of any template, surfactant or metal
catalyst. The single-crystal form and the apatite-like structure of
the as-prepared microtubes have been confirmed by a single
crystal X-ray diffraction study. Time-dependent experiments
show that these NBPF microtubes form via a fluoride-induced, in
situ chemical reaction—dissolution–recrystallization growth
mechanism. These results not only enrich the tubular structures
of inorganic compounds but also provide a new simple solution
strategy for the synthesis of single-crystal tubular structures.Acknowledgements
We thank four referees for incisive criticism and helpful
suggestions, and the National Natural Science Foundation of
China (No.40472027) and the Natural Science and Engineering
Research Council of Canada for financial support.References
1 O. G. Schmidt and K. Eberl, Nature, 2001, 410, 168–168.
2 J. Goldberger, R. R. He, Y. F. Zhang, S. W. Lee, H. Q. Yan,
H. J. Choi and P. D. Yang, Nature, 2003, 422, 599–602.
3 L. Vayssieres, K. Keis, A. Hagfeldt and S. E. Lindquist, Chem.
Mater., 2001, 13, 4395–4398.
4 X. Chen, X. M. Sun and Y. D. Li, Inorg. Chem., 2002, 41, 4524–4530.
5 X. W. Zheng, Y. Xie, L. Y. Zhu, X. C. Jiang, Y. B. Jia, W. H. Song
and Y. P. Sun, Inorg. Chem., 2002, 41, 455–461.
6 J. P. Cheng, Y. J. Zhang and R. Y. Guo, J. Cryst. Growth, 2008, 310,
57–61.
7 K. Krejcova and M. Rabiskova, Chem. Listy, 2008, 102, 35–39.
8 J. X. Wang, X. W. Sun, H. Huang, Y. C. Lee, O. K. Tan, M. B. Yu,
G. Q. Lo and D. L. Kwong, Appl. Phy. A, 2007, 88, 611–615.
9 S. Y. Song, Y. Zhang, Y. Xing, C. Wang, J. Feng, W. D. Shi,
G. L. Zheng and H. J. Zhang, Adv. Funct. Mater., 2008, 18, 2328–
2334.
10 Y. S. Zhao, J. J. Xu, A. D. Peng, H. B. Fu, Y. Ma, L. Jiang and
J. N. Yao, Angew. Chem., Int. Ed., 2008, 47, 7301–7305.
11 L. Zhou, W. Z. Wang, L. Zhang, H. L. Xu and W. Zhu, J. Phys.
Chem. C, 2007, 111, 13659–13664.This journal is ª The Royal Society of Chemistry 200912 L. Dloczik, R. Engelhardt, K. Ernst, S. Fiechter, I. Sieber and
R. K€onenkamp, Appl. Phys. Lett., 2001, 78, 3687–3689.
13 K. Tang, D. B. Yu, F. Wang and Z. Wang, Cryst. Growth Des., 2006,
6, 2159–2162.
14 W. Y. Yang, Z. P. Xie, J. T. Ma, H. Z. Miao, J. S. Luo, L. G. Zhang
and L. N. An, J. Am. Ceram. Soc., 2005, 88, 485–487.
15 Q. Wu, Z. Hu, X. Z. Wang, Y. N. Lu, X. Chen, H. Xu and Y. Chen, J.
Am. Chem. Soc., 2003, 125, 10176–10177.
16 P. Mohanty, T. J. Kang, B. Kim and J. Park, J. Phys. Chem. B, 2006,
110, 791–795.
17 Y. H. Tong, Y. C. Liu, C. L. Shao, Y. X. Liu, C. S. Xu, J. Y. Zhang,
Y. M. Lu, D. Z. Shen and X. W. Fan, J. Phys. Chem. B, 2006, 110,
14714–14718.
18 A. Wei, X. W. Sun, C. X. Xu, Z. L. Dong, Y. Yang, S. T. Tan and
W. Huang, Nanotechnology, 2006, 17, 1740–1744.
19 W. X. Wang, Q. Li, M. Li, H. Lin and L. J. Hong, J. Cryst. Growth,
2007, 299, 17–21.
20 L. W. Yin, Y. Bando, J. H. Zhan, M. S. Li and D. Golberg, Adv.
Mater., 2005, 17, 1972–1977.
21 X. Y. Kong, Z. L. Wang and J. S. Wu, Adv. Mater., 2003, 15, 1445–
1449.
22 G. R. Patzke, F. Krumeich and R. Nesper, Angew. Chem., Int. Ed.,
2002, 41, 2446–2461.
23 J. Q. Hu, Y. Bando, Z. W. Liu, J. H. Zhan, D. Golberg and
T. Sekiguchi, Angew. Chem., Int. Ed., 2004, 43, 63–66.
24 M. Remskar., Z. Skraba., F. Cleton, R. Sanjines and F. Levy, Appl.
Phys. Lett., 1996, 69, 351–353.
25 Z. X. Wang, S. X. Zhou and L. Wu, Adv. Funct. Mater., 2007, 17,
1790–1794.
26 B. Mayers and Y. N. Xia, Adv. Mater., 2002, 14, 279–282.
27 G. C. Xi, K. Xiong, Q. B. Zhao, R. Zhang, H. B. Zhang and
Y. T. Qian, Cryst. Growth Des., 2006, 6, 577–582.
28 J. S. Jeong, J. Y. Lee, J. H. Cho, H. J. Suh and C. J. Lee, Chem.
Mater., 2005, 17, 2752–2756.
29 S. M. Lee, S. N. Cho and J. Cheon, Adv. Mater., 2003, 15, 441–444.
30 J. P. Cheng, R. Y. Guo and Q. M. Wang, Appl. Phys. Lett., 2004, 85,
5140–5142.
31 Y. R. Cai and R. K. Tang, J. Mater. Chem., 2008, 18, 3775–3787.
32 J. Tan and W. M. Saltzman, Biomaterials, 2004, 25, 3593–3601.
33 M. Y. Ma, Y. J. Zhu, L. Li and S. W. Cao, J. Mater. Chem., 2008, 18,
2722–2727.
34 T. White, C. Ferraris, J. Kim and S. Madhavi, Rev. Mineral.
Geochem., 2005, 57, 307–401.
35 Y. Luo, J. M. Hughes, J. Rakovan and Y. M. Pan, Am. Mineral.,
2009, 94, 345–351.
36 E. C. Kolos, A. J. Ruys, R. Rohanizadeh, M. M. Muir and
G. J. Roger, Bioceramics 17 Key Eng. Mater., 2005, 17, 643–646.
37 F. C. Gomes de Sousa and J. R. G. Evans, Adv. Appl. Ceram., 2005,
104, 30–34.
38 M. G. Ma, Y. J. Zhu and J. Chang, Mater. Lett., 2008, 62, 1642–1645.
39 E. I. Get’man, V. A. Karmalitskii, S. N. Loboda and R. G. Semenova,
Zh. Neorg. Khim., 2000, 45, 373–375.
40 I. Mayer and A. Semadja, J. Solid State Chem., 1983, 46, 363–366.
41 G. M. Sheldrick, SHELXS-97, Program for the solution of crystal
structures, University of G€ottingen, G€ottingen, 1997;
G. M. Sheldrick, SHELXL-97, Program for the refinement of crystal
structures, University of G€ottingen, G€ottingen, 1997.
42 Y. M. Pan and M. E. Fleet, Rev. Mineral. Geochem., 2002, 48, 13–49.
43 B. Romero, S. Bruque, M. A. G. Aranda and J. E. Iglesiasl, Inorg.
Chem., 1994, 33, 1869–1874.
44 X. Zhang and K. S. Vecchio, J. Cryst. Growth, 2007, 308, 133–140.
45 S. Ding, P. Lu, J. G. Zheng, X. F. Yang, F. L. Zhao, J. Chen, H. Wu
and M. M. Wu, Adv. Funct. Mater., 2007, 17, 1879–1886.
46 F. Zhang and D. Y. Zhao, Acs Nano, 2009, 3, 159–164.
47 X. C. Wu, Y. R. Tao, C. J. Mao, D. J. Liu and Y. Q. Mao, J. Cryst.
Growth, 2006, 290, 207–212.
48 J. D. H. Donnay and D. Harker, Am. Mineral., 1937, 22, 446–467.
49 X. J. Zhang, X. H. Zhang, W. S. Shi, X. M. Meng, C. S. Lee and
S. T. Lee, Angew. Chem., Int. Ed., 2007, 46, 1525–1528.
50 C. J. Jia, L. D. Sun, Z. G. Yan, L. P. You, F. Luo, X. D. Han,
Y. C. Pang, Z. Zhang and C. H. Yan, Angew. Chem., Int. Ed., 2005,
44, 4328–4333.CrystEngComm, 2009, 11, 1863–1867 | 1867
